There is growing evidence that some Be stars were spun up through mass transfer in a close binary system, leaving the former mass donor star as a hot, stripped-down object. There are five known cases of Be stars with hot subdwarf (sdO) companions that were discovered through International Ultraviolet Explorer (IUE) spectroscopy. Here we expand the search for Be+sdO candidates using archival FUV spectra from IUE. We collected IUE spectra for 264 stars and formed cross-correlation functions (CCFs) with a model spectrum for a hot subdwarf. Twelve new candidate Be+sdO systems were found, and eight of these display radial velocity variations associated with orbital motion. The new plus known Be+sdO systems have Be stars with spectral subtypes of B0 to B3, and the lack of later-type systems is surprising given the large number of cooler B-stars in our sample. We discuss explanations for the observed number and spectral type distribution of the Be+sdO systems, and we argue that there are probably many Be systems with stripped companions that are too faint for detection through our analysis.
Introduction
Be stars are rapidly rotating B-type, non-supergiant, stars that show or have shown Hα emission in their spectra. Their rotational velocities may reach more than 75% of the critical velocity (Slettebak 1966; Rivinius et al. 2013) . Pols et al. (1991) suggested that their rapid rotation results from past mass transfer in a close binary system. The initially more massive star expands away from main-sequence stage after hydrogen core exhaustion and fills its Roche-lobe. Mass transfer from the evolved massive star to the less massive gainer star causes the latter to spin up due to conservation of angular momentum. The orbit shrinks until the two stars reach comparable masses, and then subsequent mass transfer causes the orbit to expand. This continues until the donor star loses its outer envelope and the core obtains a size smaller than the Roche-lobe. If the donor star is left with a mass above the Chandrasekhar limit, then the stars will evolve into an X-ray binary system, consisting of a Be star and a neutron star or black hole. Lower mass donor remnants become a faint, hot, subdwarf (sdO) or a white dwarf (WD).
Such sdO and WD stars are difficult to detect because they are usually lost in the glare of their massive companions and their small mass creates only a small orbital reflex motion in the Be star. The subdwarfs are hot, so it is best to search for this type of remnant in the far ultraviolet because they contribute relatively more flux there and their spectra are rich in highly ionized metallic lines. Such FUV spectroscopy investigations have led to the detection of a subdwarf companion in five systems. Thaller et al. (1995) discovered the hot subdwarf companion of φ Per using a Doppler tomography algorithm, which uses the radial velocities of the components to reconstruct their individual spectra. The highly ionized lines of the sdO star were clearly visible in the reconstructed secondary spectrum based on 16 Short Wavelength Prime (SWP) camera, high dispersion (H) spectra obtained with the International Ultraviolet Explorer. This discovery was confirmed by Gies et al. (1998) through Hubble Space Telescope spectroscopy, and their study suggested that the subdwarf companion has T eff = 53 ± 3 kK and log g = 4.2 ± 0.1. Peters et al. (2008) combined optical spectra and 96 IUE spectra to confirm the binarity of FY CMa, and they detected the hot companion through analysis of cross-correlation functions (CCFs) of the UV spectra with that for a hot stellar template. Their study indicated that the secondary has T eff = 45 ± 5 kK and log g = 4.3 ± 0.6. A similar analysis was done by Peters et al. (2013) for 59 Cyg, and they reported that the detected companion has T eff = 52.1 ± 4.8 kK and log g = 5.0 ± 1.0 based on a large set of 157 IUE spectra. Subsequently, Wang et al. (2017) analyzed 23 IUE spectra of 60 Cyg through CCFs with a hot stellar template, and they estimated that the hot subdwarf companion has T eff = 42 ± 4 kK. The fifth detection was made by Peters et al. (2016) using 88 IUE spectra to detect a faint signal of a hot companion in HR 2142, which indicated that the companion has T eff ≥ 43 ± 5 kK.
The detection of the subdwarf companions of the confirmed systems benefited from the large number of observations available in the IUE archive in order to take advantage of the √ n improvement in S/N by combining all the observations in the analysis. However, relatively bright subdwarf companions should be detected even in a single IUE observation through calculations of CCFs with a model spectrum for a hot star. The goal of this work is to detect other Be+sdO systems by searching for such relatively bright companions through analysis of individual spectra for a large sample of Be stars.
Our survey will help identify binary systems with subdwarf companions for future followup studies to determine the orbital and stellar parameters that are needed for critical comparisons with models for the evolution of stripped cores (Althaus et al. 2013 ). This survey is important for studies of massive star evolution, since a large fraction of massive stars have nearby stellar companions (Sana et al. 2012) and binary interactions play a key role in their destinies (de Mink et al. 2014) . Hot evolved companions may contribute significantly to the UV flux of stellar populations (Han et al. 2010 ) and constitute a missing contribution to spectral synthesis models (Bruzual & Charlot 2003) . Massive helium star remnants probably explode as hydrogen deficient supernovae (SN Ib and SN Ic; Eldridge et al. 2013) , so a determination of their numbers and properties is closely related to the numbers and kinds of core collapse SN we observe. The rotational properties of SN progenitors dictate the spins of their neutron star and black hole remnants, and fast rotation may be responsible for the long duration γ-ray bursters that form in the core collapse of massive stars (Cantiello et al. 2007 ).
Here we present the results of the survey for sdO companions among rapidly rotating hot stars from an analysis of IUE spectra. Section 2 presents our subdwarf flux search method that is based on a cross-correlation analysis of the UV spectra with a model spectral template. We discuss the 12 new candidate Be+sdO systems in Section 3. Our final results and their consequences are summarized in Section 4.
Search for sdO companions
The main sample of Be stars was adopted from the list of Yudin (2001) , who presented an analysis of intrinsic polarization, projected rotational velocity, and IR excess of 627 Be stars. We combed through the IUE archive to find these targets, and we collected 3092 SWP/H spectra of 226 stars from the archive. We further expanded the sample by adding 111 SWP/H spectra of 38 rapidly rotating, non-emission stars with projected rotational velocity V sin i > 300 km s −1 .
We downloaded the SWP/H spectra of these 264 stars from MAST 2 . The spectra were reduced and rectified following the procedures reported in Wang et al. (2017) , except that we left the interstellar medium lines in place. The estimated temperatures of the five known sdO companions all have T eff > 40 kK. Thus, we adopted a synthetic spectrum with T eff = 45 kK from the grid of Lanz & Hubeny (2003) that we used earlier (Wang et al. 2017 ), and we cross-correlated it with all the observed spectra. We excluded the beginning and ending regions and very broad or blended line regions (including the Si III λ1300 complex, Si IV λλ1394, 1403, Si II λλ1527, 1533, and C IV λ1550) that were replaced by a linear interpolation across the adjacent continuum to avoid introduction of broad features into the CCFs.
We began our search for hot companions by forming the ratio of the CCF maximum height (peak signal S) within a velocity range of ±200 km s −1 (larger than the typical span of Doppler shift of the known binaries) to the standard deviation of the CCF in higher velocity portions (background noise N), and we then calculated the average peak-to-background ratio (S/N) from the individual ratios for all the available spectra for each star. The average S/N ratios of the known Be+sdO systems (φ Per, FY CMa, 59 Cyg, and 60 Cyg) all have S/N > 3.0. Thus, we set this CCF peak-to-background ratio as the lower limit to select candidate sdO binaries. Null detections of companion stars with CCF S/N ratios below the selection criterion are listed in Table 1 . If the stars in Table 1 host hot companions, then their sdO components must be too faint to detect in individual IUE spectra. Table 1 includes HR 2142 (=HD 41335), which only displays the weak signal of the companion in a subset of spectra . On the other hand, a strong signal appeared and met the selection criterion for 66 stars, forming a preliminary list of potential binary systems with relatively bright subdwarf companions. We collected the spectral classifications and projected rotational velocities of these targets from the literature. The HD number, star name, HIP number, spectral classification, projected rotational velocity, number of SWP/H spectra available in the IUE archive, average CCF S/N ratio, and references for the spectral types and V sin i are tabulated in Table 2 . We adopted detection criteria for Be+sdO binaries that are based upon the characteristics of the five known systems. The best known system (and the one with the highest CCF S/N ratio in our sample) is φ Per (HD 10516), and we show in Figure 1 , top left panel, two CCFs for φ Per at different orbital velocity extrema. The CCF peaks are narrow (indicative of a small projected rotational velocity) and show large velocity excursions due to the large semi-amplitude associated with the low mass sdO star (Gies et al. 1998 ). All five known Be+sdO binaries share these properties, so we adopted two detection criteria based upon them.
The first criterion is that any CCF signal from the sdO component must be narrow with a half width at half maximum (HWHM) much smaller than the projected rotational broadening V sin i associated with the primary Be star target. Most Be stars are rapid rotators with large V sin i, so their associated CCFs are very broad (see the case of γ Cas = HD 5394 in the lower left panel of Fig. 1) , although a few pole-on Be stars do show smaller projected rotational broadening (see the CCFs of HD 120991 in the lower, right panel of Fig. 1 ). Note that this assumption biases the results against detection of rapidly rotating sdO components, but we doubt such exist in general because their progenitors probably became synchronous rotators in long period orbits during the earlier mass transfer phase. Note that the CCF signal from correlation with the Be star spectral features will become larger for hotter Be stars, so that the CCF will be more dominated by the Be star signal in earlier-type targets. We show, for example, the cases of CCFs for a hot (HD 155806) and a mid-temperature (HD 174237) emission-line star in the middle left and right panels, respectively, of Figure 1 . The sensitivity of the CCFs to the temperature of the Be star means that it will become progressively more difficult to distinguish the signal from a sdO component from that of the Be star at high temperature, so our methods may be biased against detection of sdO companions among the hotter Be stars. Nevertheless, it is possible to discern the narrow sdO component against broader Be component in some cases of hotter Be stars (see the case of FY CMa = HD 53978 in the upper right panel of Fig. 1 , which shows the narrow peak of the sdO star atop the broader signal from the Be star).
The second criterion is based upon the expected orbital motion of the sdO component. Post-mass transfer binaries are expected to have extreme mass ratios, so that the orbital semiamplitudes of the sdO components will be large (≈ 50 − 100 km s −1 ) compared to those of the Be stars (< 10 km s −1 ) for binaries with periods of a few months or less. Thus, our second criterion for sdO candidates is that their CCF signals should show a velocity range greater than 1/2 of the HWHM of the CCF peak. This criterion tacitly assumes that enough spectra exist to sample the full range of orbital motion, but this cannot be fulfilled in cases where only a few spectra are available. Note that application of this criterion will impose a bias against detection of binaries in low inclination and long period orbits (with small orbital semiamplitude).
The results of applying these two detection criteria are summarized in a code in the last column of Table 2 . We find that 50 of the 66 targets in the list of large S/N cases are best explained as the result of correlation with the Be star spectrum itself (indicated by a "P" for primary in Table 2 ). These are generally hotter Be stars in which the CCF signal has a half-width comparable to the published V sin i, and their CCF peaks show little evidence of significant orbital Doppler shifts. Some of these cases are discussed in the Appendix. Next, the application of the two criteria led to the successful re-identification of four known Be+sdO binaries (φ Per, FY CMa, 59 Cyg, and 60 Cyg), and these are indicated by an "S" (for subdwarf) in Table 2 . The criteria also led to the detection of eight additional candidate Be+sdO binaries that are labeled with a "C" in Table 2 . Finally, we list four systems in which a strong and narrow CCF peak was found, but only one or two spectra are available in the IUE archive so that we could not apply the second criterion of velocity variability. These four potential candidates are indicated by a "C?" code in Table 2 . Radial velocities from Gaussian fits of the upper 80% of the CCF peaks are listed in Table 3 for these eight candidate and four potential candidate systems, but measurements from noisy spectra with weak CCF signals were omitted. The number and time distribution of these measurements are insufficient to find orbital periods and other elements, but they are included here for future use once orbits are determined (perhaps by ground-based spectroscopy of the Be components). All these new detections are discussed further in the next section.
Candidate Be+sdO systems
We identified twelve subdwarf candidates from the CCF analysis that display a narrow peak as expected from correlation with the hot subdwarf spectrum template. We observe significant Doppler shift variations in the CCF signals of eight systems due to the orbital motion of the subdwarf companion. Figure 2 shows the apparent CCFs of the eight candidate systems for spectra observed near the velocity extrema (see Table 3 ). The remaining four potential subdwarf candidates in the sample display a narrow peak, but little or no information about their Doppler shifts is available due to the limited number of spectra available. The CCFs for these four cases are shown in Figure 3 . The peak height of the CCF scales approximately with the subdwarf flux contribution if the model template is a reasonable match (Wang et al. 2017) , so the new candidates contribute about 2 − 5% of the FUV monochromatic flux (and probably less at optical wavelengths).
None of the candidates are known close binaries, but all are worthy of follow-up investigation. We summarize a brief literature review for each candidate below. Many of the candidate Be+sdO systems have additional companions detected through speckle interferometry or optical imaging, but their orbital periods must be decades or longer. Consequently these visually resolved companions are unrelated to the subdwarf companions that are the remnants of interactions in close binaries. The speckle interferometry observations reveal companions in the angular separation range of 0.035 < ρ < 1.
′′ 5 and brighter than △m < 3.0 mag (Mason et al. 1997) .
HD 29441 (V1150 Tau; B2.5 Vne; S/N = 3.77). Based on measurements of six optical spectra, Chini et al. (2012) found that the star is radial velocity constant, perhaps indicating that the sdO is a low mass object or that the orbit is very long. HD 43544 (B3 V; S/N = 5.51). Huang et al. (2010) argued that the star had a significant radial velocity shift between measurements of two optical spectra, indicative of the orbital motion of the Be star. No other companions have been detected through speckle interferometry from Mason et al. (1997) . HD 51354 (QY Gem; B3 Ve; S/N = 5.39). Chojnowski et al. (2017) observed only a small scatter of 3.0 km s −1 in six radial velocity measurements from the APOGEE survey. HD 60855 (V378 Pup; B3 IV; S/N = 4.98). The CCFs of the star display a narrow central peak that sits atop a broader signal from the Be star. The measured velocities from the CCFs of the six available spectra did not display large velocity shifts, perhaps indicating that the sdO is in a long period, slow moving orbit. However, Huang & Gies (2006) found a significant velocity shift between their two spectra indicative of possible orbital motion of the Be star. Mason et al. (1997) found no evidence from speckle interferometry for another companion in the separation range of 0.04 to 1 arcsec. Mason et al. (2001) note that this star is a member of the NGC 2422 cluster, and the nearest companion has separation of 5.3 arcsec from the star. HD 113120 (LS Mus; B2 IVne; S/N = 4.35). Based on spectroscopic measurements from five optical spectra, Chini et al. (2012) found that the star is radial velocity constant, which suggests a small orbital semi-amplitude for the Be star. Nevertheless, we observe relatively large Doppler shifts for the sdO component. Hartkopf et al. (1996) detected a companion with angular separation of 0.557 arcsec from the star through speckle interferometry. HD 137387 (κ 1 Aps; B2 Vnpe; S/N = 5.21). Lindroos (1985) reported that the star belongs to a visual binary system with a companion of estimated spectral type of K7 IV and a projected separation of 1470 AU from the star. Lindroos (1985) reported that the star has a companion with estimated spectral type of G5 III-IV and a separation of 42.8 arcsec from the primary component. HD 191610 (28 Cyg; B3 IVe; S/N = 3.02). Abt & Levy (1978) reported that the star is radial velocity constant from spectroscopic studies based on 25 optical spectra. Based on an analysis of space photometry and Hα line profiles, Baade et al. (2017) concluded that the large-amplitude frequencies due to multiple non-radial pulsation modes are responsible for the observed short-and medium-term variability, and these pulsation modes are also related to the modulation of mass transfer events from the star to the disk of 28 Cyg. No other companions have been found by Mason et al. (1997) through speckle interferometry. HD 194335 (V2119 Cyg; B2 IIIe; S/N = 4.54). The star is listed as a shell star by Hoffleit & Jaschek (1991) . Plaskett et al. (1920) suggested that the object is a possible spectroscopic binary. HD 214168 (8 Lac B; B1 IVe; S/N = 3.03). Hoffleit & Jaschek (1991) also identified this star as a shell star. It is a member of the Lac OB1 association. Mason et al. (1997) identified a companion with an angular separation of 0.042 arcsec using speckle interferometry. Shatskii (1998) and Mason et al. (2007) confirmed that the star forms a double system with HD 214167 (B1.5 Vs) with an angular separation of 22.24 arcsec.
Conclusions
We identified eight subdwarf candidates and four potential candidates, and by including the five Be+sdO systems known from previous studies, this leads to a total of 17 detections in the sample of 264 stars, for a detection rate of 6%. The CCF S/N ratios have a range between 3.0 and 5.5 with a mean of 4.3, and these ratios are generally less than or comparable to those of the known systems. The distributions with spectral type of the known plus candidate targets and of the full sample are shown in Figure 4 . Most of the new candidates have spectral types of B2-B3, which are relatively cooler compared to the primaries of the known Be+sdO systems with spectral types of B0.5-B1.5. However, we found no companions among the cooler, later-type B-stars, despite the fact that such hot companions should be more readily detected as they dominate more of the FUV flux distribution relative to cooler, main sequence companions. There are 109 targets with spectral types B4 and later in our sample (41%). If the Be+sdO systems had the same spectral type distribution as the whole sample, then we would expect to have found 7 of 17 systems among the B4-A0 group, yet none were detected.
Binary star population models make different predictions about the numbers of expected Be+He star systems (which we may compare to the observed Be+sdO systems) as a function of Be star mass or spectral type. High mass He star remnants have relatively shorter lives, so the numbers of such systems are predicted to decline with higher Be star mass. On the other hand, lower mass remnants above the He-burning limit (≈ 0.3M ⊙ ) will have He-burning lifetimes longer than those of the rejuvenated gainer stars, so many lower mass Be stars could have He star companions. However, the expected numbers depend critically on assumptions about the initial mass ratio distribution of the binaries and which systems merge during interaction. Pols et al. (1991) show in their Figure 10 (b) the numbers of Be+He systems expected for a magnitude limited sample like the Bright Star Catalogue (Hoffleit & Jaschek 1991) . If the initial mass ratio distribution is flat, then the numbers of Be+He systems peak in the B0-B5 range, because there are relatively fewer low mass systems. However, for initial mass ratio distributions that favor lower mass companions, the relative numbers of low mass Be+He systems increase. This is also seen in the simulations by Shao & Li (2014) who find the largest numbers of Be+He systems (in a volume limited sample) among the latest B-types when the assumed initial mass ratio distribution is highly skewed to low mass companions (numbers proportional to (M 2 /M 1 ) −1 ; see their Fig. 7 ). The observed lack of Be+sdO companions among the late-type B-stars in our sample would appear to favor progenitor systems with a flat initial mass ratio distribution.
The low-mass, rapid rotators that comprise the late-type Be stars may be the result of mergers that occur more frequently among lower mass systems (Shao & Li 2014) or they may result from extreme mass transfer that creates low mass cores that quickly cool to become helium white dwarfs (Chen et al. 2017) . Such low mass white dwarfs are now known to orbit some late B-type, rapid rotators including Regulus (0. If binary mass transfer is a significant mechanism in the production of Be stars, then we need to consider why hot companions are not found for all the B0-B3 stars in our sample. We suspect that many such companions spend much of their lives with a luminosity that is too low for detection by our methods. For example, Schootemeijer et al. (2017) present a path in the H-R diagram for the stripped remnant of HD 10516 (φ Per) based on He star evolutionary models. They argue that the subdwarf companions in φ Per, FY CMa, and 59 Cyg are most likely experiencing a helium shell burning stage, in which the core has finished helium burning and the star swells to increased luminosity. This phase lasts about 10% of the total post-mass transfer lifetime. Thus, we expect that those stars that are bright enough to detect in our survey are representative of this advanced He-shell burning stage. The fraction of detected companions in B0-B3 range (17/140 = 12%) is close to the typical fraction of time spent in He-shell burning phase. On the other hand, 90% of the post-mass transfer lifetime is spent in the prior He-core burning stage, during which the subdwarfs have lower luminosity. These faint sdO companions are very difficult to detect unless a large set of spectra is available to reveal the orbital motion (for example, the case of HR 2142; Peters et al. 2016 ). Consequently, it is possible that many or most of the B0-B3 stars in our sample do have sdO companions that are undetected because they are faint, He-core burning objects. Long term radial velocity and orbital-phase related emission line monitoring (Koubský et al. 2012 ) may prove to be effective ways to discover their binary properties.
We thank Dr. Michael Crenshaw for helping us interpret the radial velocity shifts apparent in some of the IUE spectra, and we thank an anonymous referee for their insight about the spectral subtype distribution of the sample. The data presented in this paper were McAlister (1976) showed that there is a third star (B3 IV) that orbits around the inner eclipsing and spectroscopic binary system Aa1, Aa2 (B1 IV and B3 IV, respectively) in an orbit with an angular semimajor axis of 44 mas and a period of 9.2 yr. The IUE spectra recorded the flux of all three components. The cross-correlation functions of the spectra show a sharp peak, and the peak half-width is comparable to the projected rotational velocity of Aa1. Furthermore, the measured CCF peak velocities appear to match the Aa1 radial velocity curve from De Mey et al. (1996) in their Figure 3 . Thus, we conclude that the CCF peaks result from correlation with the spectral features of the primary Aa1 component of the inner binary system. HD 53367 (V750 Mon; B0 IVe). Based on spectroscopic studies of the optical lines, Pogodin et al. (2006) proposed that the system consists of a primary main-sequence star (∼ 20M ⊙ ) and a pre-main sequence secondary (∼ 5M ⊙ ). We compared the measured peak velocities with the primary radial velocity curve in Figure 6 of Pogodin et al. (2006) , and the similarity of the velocities suggests that the CCF peak is mostly due to correlation with the spectral features of the primary component. However, we noticed that two spectra (SWP38685 and SWP38686) yielded a peak velocity variation of ∼ 50 km s −1 in less than 3 hours. We examined the spectra and found that the star drifted in position across the dispersion in the large aperture of the camera between exposures. Thus, this rapid velocity variation is instrumental in origin. HD 135160 (B0 IV). The CCFs show both a sharp peak and an extended wing feature that varies in velocity. Chini et al. (2012) detected spectral lines of both components of this suspected spectroscopic binary. The Doppler shifts apparent in the CCFs tend to confirm the spectroscopic binary nature of the system. HD 166596 (V692 CrA; B2.5 IIIp). IUE recorded two spectra of this star within ∼1 hour. The peak velocities of the CCFs indicate a significant shift of ∼ 37 km s −1 between the observations. Renson & Manfroid (2009) report that the target is a silicon star with a rotational period of ∼ 1.7 d. We suggest that the rapid velocity variation is probably related to rotational Doppler shifts of regions with chemical peculiarities. HD 178175 (V4024 Sgr; B2 IV(e)). The CCFs show a sharp peak. Based on spectroscopic studies, Bragança et al. (2012) reported that the star has V sin i = 86 km s −1 , similar to the half-width of the CCF peak. However, Bragança et al. (2012) estimate that the star's temperature is T eff = 19.6 kK, and we would usually expect little correlation with the features of such a relatively cooler object. However, the CCFs show no significant peak velocity variations. Thus, we conclude that the CCFs are most likely due to correlation with the features of the Be star that are narrow enough in this case to produce a detectable CCF peak. 1981 , AJ, 86, 1944 This preprint was prepared with the AAS L A T E X macros v5.2. The top panels show the CCFs for HD 10516, a confirmed system with a hot subdwarf companion (Gies et al. 1998) , and HD 58978, a confirmed system with a fainter subdwarf companion (Peters et al. 2008) . The middle panels show how the spectrum of the emissionline star contributes more to the CCF for a hot star (HD 155806; O7.5 IIIe) than a mid-range temperature star (HD 174237; B4 IV(e)). The lower row illustrates how the CCF from the rapidly rotating Be component is usually very broad (HD 5394; V sin i = 432 km s −1 ), but sometimes narrow (HD 120991; V sin i = 70 km s −1 ). Examples of the CCFs for blue and red Doppler-shifted spectra are plotted as dotted and solid lines, respectively. The horizontal dashed lines indicate the S/N=3 limit for detection. 
Uesugi

